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Results. The 2 Luebo viruses are nearly identical but are not related to lineage A viruses known in DRC or to descendants of the lineage B viruses encountered in the Gabon-Republic of the Congo area, with which they do, however, share a common ancestor.
Conclusions. Our findings strongly suggest that the Luebo 2007 outbreak did not result from viral spread from previously identified foci but from an independent viral emergence. The previously identified epidemiological link with migratory bat species known to carry Zaire ebolavirus RNA support the hypothesis of viral spillover from this widely dispersed reservoir. The high level of similarity between the Luebo2007 and Luebo2008 viruses suggests that local wildlife populations (most likely bats) became infected and allowed local viral persistence and reemergence from year to year.
The genus Ebolavirus comprises 4 species: Reston ebolavirus, Côte d'Ivoire ebolavirus (CIEBOV), Sudan ebolavirus (SEBOV), and Zaire ebolavirus (ZEBOV) [1] as well as the recently discovered Bundibugyo Ebola virus (BEBOV) that may be classified as a new species [2] . Genetic diversity among species ranges from 25% to 35%, and Zaire ebolavirus is the most virulent, accounting for 1390 human cases in 13 recorded outbreaks over the preceding 35 years, with a case-fatality rate of #90%.
The first recognized ZEBOV epidemic occurred at Yambuku in the Democratic Republic of the Congo (DRC) in 1976 [3] . An isolated case was registered in Tandala, DRC, in 1977 [4] , succeeded by a 17-year epidemically silent period before the Mekouka outbreak in Gabon in 1994. Subsequently, Gabon experienced 2 epidemics in 1996 at Mayibout and Booué [5, 6] whereas DRC saw a reappearance of ZEBOV in 1995, at Kikwit [7, 8] . Between 2001 and 2005, the cross-border area between northeast Gabon and northwest Republic of Congo (Gabon-RC) was hit by 5 ZEBOV outbreaks [9, 10] Gabonese epidemics, these cross-border outbreaks were marked by large wildlife epizootics [11] [12] [13] , inducing mortality rates of #80% in great apes [14] [15] [16] . Chimpanzees, gorillas, and duikers were susceptible hosts responsible for viral introduction into human populations [11, 12] .
The sequential appearance of ZEBOV outbreaks from 1976 to 2003 led to a hypothesis of wavelike viral dispersion into new territories to explain the explosive emergence of ZEBOV in the Gabon-RC area [17] . Indeed, the spatial and temporal pattern of ZEBOV outbreaks correlated with the genetic distance among strains, having apparently evolved continuously in a single lineage, westward from Yambuku (DRC) in 1976 to Mvoula (RC) in 2003. However, subsequent characterization of new GP and NP sequences demonstrated the existence of a second genetic lineage [10] . The previously recognized lineage A included ZE-BOV strains from the 1976-1996 outbreaks (DRC and Gabon), whereas the newly described lineage B included animal-derived sequences since 2001 and the human strains from the Mbandza_Mbomo 2003 and Etoumbi 2005 outbreaks. The strains responsible for the previous 3 outbreaks were phylogenetically linked to lineage A in the GP gene, whereas they grouped with lineage B in the NP gene, strongly suggesting a recent recombination event [10] . Although the spatial and temporal pattern of outbreaks since 2001 still suggested progressive spread of the virus, the identification of 2 genetically divergent lineages did not fit the expected scenario in which all outbreaks during this period would be linked by ongoing transmission. Instead, the existence of the 2 lineages implied independent introductions into human populations following multiple viral spillovers from a reservoir host, a scenario referred to as the multi-emergence hypothesis [10, 11] . The data available from outbreaks up to 2005 thus indicated that the history of ZEBOV could not be explained by a single spreading wave of infections across multiple countries. In addition, ZEBOV sequence data collected from outbreaks up to that point revealed another puzzling aspect of ZEBOV biology, in that observed levels of sequence divergence were low (,5%), especially compared with other filoviruses, such as Marburg virus [18] . Molecular clock-based analyses suggested that these low levels of viral diversity might be due to a recent genetic bottleneck and that the estimated mostrecent common ancestor of all viruses in the ZEBOV clade dated back only to the early 1970s [10, 17] , just prior to the first outbreak at Yambuku in 1976.
In stark contrast to the temporal and geographical clustering of the Gabon-RC outbreaks, ZEBOV unexpectedly reemerged in DRC in 2007 in the Luebo area (Kasaï Occidental province), nearly 1000 km southeast of the last foci registered only 2 years before in RC. The Luebo 2007 outbreak occurred from June to November, affecting 264 persons and causing 187 deaths (70% case-fatality rate [19] [20] ).
Although the first recorded ZEBOV outbreak took place in DRC in 1976, the virus reemerged in this country only once (Kikwit 1995) before the 2 Luebo outbreaks, whereas the neighboring countries were repeatedly affected during this time frame. In addition to the spatial discontinuity with the Gabon-RC outbreaks network, the Luebo outbreaks were in temporal discontinuity with the Kikwit epidemic that took place only 290 km eastward but 12 years before. Making the issue more complex, epidemiological and ecological investigations suggested that susceptible hosts, such as great apes and duikers, sustaining ZEBOV epizootics in Gabon and RC [11] , were not involved in the Luebo epidemics [21] . Instead, the source of the Luebo 2007 outbreak appeared to be the hunting of fruit bats. These hunted bats, including Hypsignatus monstrosus and Epomops franqueti, undergo large annual migrations and are suspected ZEBOV reservoirs [21, 22] .
Here, we report virological and phylogenetical analyses to determine whether the Luebo viruses (i) are related to viruses previously seen in DRC; (ii) are descendants of the recent Gabon-RC viruses, or (iii) represent newly emerged variants. We also investigated if the 2 Luebo outbreaks in 2007 and 2008 were caused by the same or different viruses and if the new sequence data collected would change the estimated age of the ZEBOV clade. Our phylogenetic analyses show that the Luebo viruses are not direct descendants of viruses characterized so far but share a common ancestor with lineage B viruses, despite the fact that the 2 groups are found nearly 1000 km apart. The Luebo 2007 and Luebo 2008 strains were nearly identical, despite being sampled 1 year apart. Given the limited divergence from other ZEBOV viruses, the estimated age of the ZEBOV clade overall is unaffected by these new sequence data.
MATERIALS AND METHODS

Ethical Considerations
Blood samples were collected from patients during the acute phase of illness by healthcare workers from the Health Ministries of DRC, Médecins sans Frontières (MSF), and the World Health Organization (WHO), all of whom were participating in the international response. Blood samples were collected at the patient's home or in hospital isolation wards with verbal consent, and either were sent to international laboratory partners for diagnostic evaluation or were immediately processed for ZEBOV detection in the field laboratories. Diagnostic. Samples received at CIRMF were chemically or heat-inactivated in biosafety level-4 (BSL-4) facilities before reverse-transcriptase polymerase chain reaction (RT-PCR) and antigen-capture assays. RNA was extracted from 140 lL of patients' sera with the QIAamp viral RNA extraction kit (Qiagen) according to the manufacturer's instructions. Partial L-gene sequences were amplified with degenerate primer pairs PanFilo-L1/ Panfilo-L2 (5#-ATMGRAAYTTTTCYTTYTCWYT-3#/5#-TGWG-GHGGRYTATAAWARTCACTDACAT-3#) and PanFilo-L3/ Panfilo-L4 (5#-GCNAARGCMTTYCCHAGYAAYATGATGG-3#/5#-ATAAWARTCACTDACATGCATRTARCA-3#).
A sandwich enzyme-linked immunosorbent assay (ELISA) for ZEBOV antigen detection was applied to 4-fold dilutions (1:4 to 1:256) of heat-inactivated sera (56°C, 30 minutes), as previously described [23] . Investigators coated 96-well plates with a cocktail of monoclonal antibodies against ZEBOV and coated control wells with normal mouse ascetic fluid. After sera incubation, ZEBOV antigens were detected by adding hyperimmune rabbit polyvalent Ebola antiserum [24] followed by peroxidaseconjugated goat antibodies. Reaction development was performed with the tetramethylbenzidine (TMB) detection system (Dynex Technologies).
Virus Isolation. Tissue culture was performed in a biosafety level 4 laboratory. Vero-cell monolayers in 25 cm 2 flasks were incubated for 1 hour at 37°C with 200 lL of serum at 1:10 dilution in Dulbecco's modified eagle medium (DMEM). Medium containing 2.5% fetal bovine serum and antibiotics was added and the cells were incubated at 37°C with 5% CO2 for 6 days. Supernatants were harvested and stored at 280°C until their use for genomic characterization. Genomic Characterization. RNA was extracted from Verocell supernatants with the QIAamp viral RNA extraction kit (Qiagen). A set of 20 overlapping primer pairs (available on request) was designed from ZEBOV sequence alignments for RT-PCR (SuperScript III One-Step RT-PCR System with Platinum Taq High Fidelity, Invitrogen). Polymerase chain reaction product sizes averaged 1500 nucleotides and melting temperatures ranged from 55°C to 65°C. Contiguous sequences were assembled using ChromasPro 1.5 software (Technelysium Pty Ltd).
Phylogenetic Analysis
The new sequence data were aligned with existing full-length GP and NP sequences using the MUSCLE algorithm [25] implemented in the Geneious program [26] . Phylogenetic trees without a molecular-clock assumption were estimated for the GP and NP data set using MrBayes version 3.1.2 [27] in 2 independent runs of 2 million states with a sampling frequency of 1000 generations and a burn-in of 1 million samples. Phylogenies with a molecular-clock assumption and specific divergence dates were estimated using BEAST version 1.5 [28] . Analyses were calibrated using the year and month of sampling and applied a relaxed clock model with uncorrelated log-normally distributed rates [29] and a constant population size prior (alternative priors had a negligible effect on node height estimates). 2 independent runs of 10 million states were performed with a sampling frequency of 10 000 and a burn-in period of 1 million states. Both Bayesian inference methods applied a SDR06 model of molecular evolution [30] [31] to confirm convergence among runs and that chains had reached a stationary phase. Genbank accession numbers for the nucleotide sequences used in this study are available online (see Supplemental content S1).
RESULTS
Genome Description and Genetic Distances
The
This resulted in a p-distance of ,0.1%, maximum divergences being observed in VP35, VP40, and VP24 coding sequences (CDS) and not in the NP and GP variable genes. Gene sizes, transcriptional signals, GP editing site, cleavage sites, and immunosuppressive motifs were identical to those of other available ZEBOV sequences. The ectopic stop codon identified in the group R (recombinant) viruses [10] was absent from the GP Luebo sequences.
Compared with the fully characterized ZEBOV strains (Figure 2) , the Luebo viruses appeared slightly more similar to the Yambuku 1976 strain (1.9% mean p-distance) than to the more recent Kikwit 1995 strain (2.15% mean p-distance). The maximum p-distances were recorded in the NCRs (1.9%-3.5%), NP (1.3%-2.1 %) CDS, and VP40 (1.4%-2.1%) CDS, whereas the smallest distances were observed in VP30 (,0.7%) CDS. Based on the inclusion of partially characterized strains, NP sequences from group B and R viruses are the sequences most closely related to the Luebo strains (p-distance , 2.1%), whereas higher p-distances are observed with lineage A viruses, namely the Booué 1996, Mayibout 1996, and Mekouka 1994 Gabonese strains (2.4%-2.8% p-distance). Conversely, in GP CDS, group A and B viruses appeared equally distant from the Luebo strains (2.4%), whereas group R viruses were slightly more divergent, with 2.9%-3.1% p-distance.
Phylogenetic Analysis
Phylogenetic trees were derived from NP (1448 nucleotides, Figure 3 ) and GP (2031 nucleotides, Figure 4) CDS. In addition to the Bayesian method, molecular clock-based analysis was used to take into account the expectation that viruses sampled .30 years apart have evolved, and to estimate the lineage divergence dates ( Figures 3B and 4B) . The CIEBOV and BEBOV sequences were included as outgroups, because these are the viruses most closely related to ZEBOV. analysis of GP sequences without the molecular-clock assumption, the Yambuku 1976 strain fell at the most basal position of the ZEBOV tree, just before the split into lineages A and B.
The Luebo 2007 and Luebo 2008 viruses grouped together tightly in all 4 trees. In most cases, they formed a strongly supported sister group to lineage B viruses, with the exception of the 1 GP analysis, which placed the Luebo viruses at the most basal position of the tree (Figure 4 A) .
According to the relaxed molecular-clock model applied to the NP ( Figure 3B ) and GP data ( Figure 4B The phylogenetic trees inferred from the GP and NP data sets, with and without a molecular-clock constraint, confirmed previous findings [10] including (i) the split of the ZEBOV clade into distinct lineages, (ii) the clustering of animal-derived sequences in the recently discovered B lineage, and (iii) the phylogenetic incongruence between the GP and NP phylogenies for the group R viruses. As in previous studies [10, 17] , some uncertainty remained regarding the inferred position of the ZEBOV tree root. Most of our current analyses support a root-near position of the Yambuku 1976 virus and placed this virus outside groups A and B.
The only exception to this was the GP analysis with no molecular clock assumption, which characterized the newly identified viruses from Luebo as a sister clade to all remaining ZEBOV isolates. However, the deeper tree nodes were not well resolved. Moredefinitive resolution of the early evolutionary history of the ZEBOV clade will likely not be possible until more full-length genomes of both lineage A and B viruses are available.
Surprisingly, from the p-distances observed all along the genome, the Luebo viruses shared greater homology with the Yambuku 1976 strain than with the more recent and geographically closer Kikwit 1995 strain. Consistent with this, our phylogenetic analysis did not identify the Luebo viruses as belonging to the same genetic lineage A as Kikwit 1995. Instead, the Luebo viruses formed a well-supported sister group to the lineage B viruses, previously encountered only in Gabon-RC. The analysis clearly demonstrates that the Luebo viruses are not direct descendants of viruses sampled during previous outbreaks, which strongly suggests that the Luebo outbreaks did not arise through viral spread from any of the recently recognized foci. By contrast, the Luebo viruses are phylogenetically distinct from the strains characterized so far, suggesting that these outbreaks were epidemiologically independent of the 1994-2005 network. The most plausible scenario for such independent emergences is multiple viral spillover from a reservoir host widely dispersed throughout Central Africa. Despite representing a ZEBOV lineage that is clearly divergent from any viruses previously described, the new DRC sequence data, like those collected during the 2001-2005 outbreaks [10] , did not increase the estimated age of diversification of the ZEBOV clade as a whole. Rather, our date estimates confirm earlier results, placing the most recent common ancestor of the entire group at a time just prior to the virus' first emergence at Yambuku in 1976. Although this recent origin of the ZEBOV clade could result from a recent bottleneck and subsequent dispersion of ZEBOV across much of central Africa, the nature of the event that gave rise to this pattern is unknown.
Whereas the Luebo 2007 outbreak appeared to be linked to migratory fruit bats [21] , the source of the 2008 outbreak could not be identified. The scenario of a second spillover from the migratory bat population appears unlikely, given that the 2 viruses were genetically almost identical. Such similarity would seem improbable for a virus originating from a large reservoir population that would be expected to simultaneously maintain multiple, and thus genetically diverse, viral lineages. Interestingly, the latter pattern was observed for Marburg viruses sampled from cavernous bats and humans in Uganda in 2007-2008 [32] and during the Durba outbreak (DRC, 1999 (DRC, -2000 [33] , with different introductions into the human population, usually involving genetically divergent viruses. Despite the limited viral sampling, the high similarity between the 2 Luebo viruses is consistent with a direct epidemiological link between the 2 epidemics. Based on our evolutionary rate estimates for the full-length virus and the GP and NP genes (1.5-7.5 3 10 24 substitutions per site per year) we would expect between 3 and 15 substitutions to accumulate across the entire ZEBOV genome over the course of a year. The observed divergence of 11 substitutions between the 2007 and 2008 viruses fits this well, raising the possibility that the 2008 virus is a direct descendent of the 2007 virus and that the latter continued to be transmitted in the area around Luebo. However, great apes were not present, signs of wildlife mortality were noticeably absent [21] , and it is unlikely that human cases in the area would have been missed over a period of several months, posing the question of how the virus could have persisted so inconspicuously during this period. Following viral introduction into the area in 2007, subsequent transmission among local, nonmigrating bats could provide a possible explanation, especially as local bats species include Hypsignatus monstrosus and Epomops franqueti (E. Leroy, personal observations), both of which are suspected of being natural ZEBOV reservoir species [22] . More generally, an increasing number of epidemiological events due to Ebola viruses have occurred over the last 20 years, contrasting with the prior apparent silent period [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] (Figure 5 ). Since 1994, 15 Ebola virus outbreaks have been recorded, of which 11 were due to ZEBOV, also responsible for massive local mortality among great apes [11, 12, 14, 16] . The absence of great apes and of noticeable mortality among other wildlife species in Luebo indicates that transmission of ZEBOV can occur in the absence of any indicators. Whereas the mechanisms underlying such cryptic circulation are elusive, these observations may help to explain the prolonged periods of apparent epidemiological silence, during which ZEBOV genetic diversity increases ( Figure 5) . However, the possibility remains that isolated cases, limited outbreaks, or epizootics may have been missed.
In conclusion, this study highlights that the Luebo outbreaks were phylogenetically, temporally and spatially distinct from all previous outbreaks. In contrast to the continuous ladder-like evolution of ZEBOV observed until 1996, the most recent trees display a more bushlike cladogenetic picture, with coexistence of distinct lineages. The emergence of a novel strain of ZEBOV, with the recent discovery of BEBOV, point to the depth of viral genetic diversity in the underlying natural animal hosts and suggests the possibility of future outbreaks with additional novel viruses or strains. Spillovers and the potential for recombination in ZEBOV raise the possibility-hypothetical at this stage-that viruses with increased transmissibility from the natural host to other animals or humans may emerge. Identifying the environmental drivers that trigger emergence of Ebola viruses from their reservoirs, which may differ from one viral species to another, after they circulate silently for years or decades, remains one of the key research challenges.
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